The archaeal A 1 A 0 ATPase, like the eucaryal V 1 V O ATPase and the bacterial F 1 F O ATPase, is a multisubunit enzyme. It consists of a hydrophilic, ATP-hydrolysing/synthesizing domain (A 1 ), and a hydrophobic, membrane-bound, iontranslocating (A O ) domain [1] (Fig. 1) . ATPases from the three domains of life share a common ancestor, but have diverged considerably in terms of structure and function [1±3] . According to its subunit composition and the aminoacid sequences of its subunits, the archaeal A 1 A O ATPase is very similar to eucaryal V 1 V O ATPases but only distantly related to bacterial F 1 F O ATPases. Functionally, the A 1 A O ATPase resembles the F 1 F O ATPase because it is a reversible ATPase/synthase; the capability to synthesize ATP is in sharp contrast to the only ATP-hydrolysing V 1 V O ATPases [4, 5] . The molecular basis for these differences is unknown.
Biochemical and structural data on the A 1 A O ATPases are scarce and even their subunit composition is far from being settled. A 1 A O ATPases as well as A 1 ATPases have been purified from different archaea but the polypeptide composition of the preparations reported is very different and ranges from three to six [6±17]. Only the major subunits A and B were clearly identified in the preparations by immunological data and comparisons with genetic data, but the minor polypeptides remained unidentified. Despite the enormous differences in the polypeptide compositions of the A 1 A O ATPase preparations reported, analyses of the genomic sequences of archaea published to date revealed a very similar genetic organization of A 1 A O ATPases which are encoded by at least nine genes in every archaeon sequenced so far [1, 5] (Fig. 2) . In every case, the genes encoding the hydrophobic domain are followed by genes encoding the A 1 domain. AhaH is a hydrophilic protein with no obvious homologue in V 1 V O and F 1 F O ATPases. AhaI and AhaK comprise the membrane domain and are similar to subunits a and c, respectively, of V 1 V O and F 1 F O ATPases. Subunits E, C, F, A, B, and D are hydrophilic proteins and similar to subunits E, C, F, A, B, and D of V 1 V O ATPases. Subunits A, B, and D are similar to subunits b, a, and g of F 1 F O ATPases, but the d and : homologues are not apparent from primary sequence comparisons. AhaG has a homologue in Methanosarcina barkeri, but similar proteins could not be identified by BLAST searches in other organisms.
From a comparison of the polypeptide composition of archaeal ATPases determined experimentally with the genetic data it is clear that all of the biochemical data reported to date in the literature were obtained from the analyses of subcomplexes which lacked minor subunits to different extents. To open a new avenue to the functional and structural analyses of the A 1 A O ATPases we chose methanogenic archaea as model systems and started a molecular approach to overproduce the A 1 ATPase from the mesophile M. mazei Go È1 in Escherichia coli taking advantage of the fact that the A 1 A O ATP synthase encoding genes ahaH, ahaI, ahaK, ahaE, ahaC, ahaF, ahaA, ahaB, ahaD, and ahaG are clustered on the chromosome [13, 18] (Fig. 2) . The genes ahaE, ahaC, ahaF, ahaA, ahaB, ahaD, and ahaG, which encode the hydrophilic domain and (part) of the stalk, were cloned into expression vectors and introduced into various strains of E. coli. We will show here that the A 1 ATPase genes are expressed and that a functional A 1 ATPase from the methanoarchaeon M. mazei Go Èl is produced in E. coli. A first biochemical analysis will be presented.
M A T E R I A L S A N D M E T H O D S
Organisms and plasmids M. mazei Go È1 (DSM 3647) was obtained from thè Deutsche Sammlung fu Èr Mikroorganismen und Zellkulturen', Braunschweig, Germany, and grown under strictly anaerobic conditions as described by Hippe et al. [19] . E. coli DH5a (supE44 DlacU169 F801acZDM15 hsdr17 recA1 endA1 gyrA96 thi1 relA1) [20] , hsdS, Gal, lDE3) [22] , E. coli BL21(DE3)uncD702 [23] , and E. coli GJ1158 [24] were grown on Luria±Bertani medium at 37 8C. E. coli GJ1158 was grown according to [24] . The plasmids used were pGEM-4Z (Promega, Mannheim, Germany), pCF1 [13] , pCFS1 [13] , pHSG399 [25] , pGP1-2 [26] , pUBS520 encoding DnaY and LacI [27] , pMal-c2 (NEB, Frankfurt am Main, Germany), and pET-21b (Novagene, Heidelberg, Germany).
Molecular biology
All procedures were performed according to standard techniques [28] . Chromosomal DNA of M. mazei Go È1 was isolated by a modified Marmur preparation [29, 30] . Western blot analyses were performed according to [31] .
Generation of A 1 ATPase-producing clones
For the expression studies, subclones of the plasmids pCF1 and pCFS1 [13] were created (Fig. 2) . These are pRT103 to pRT100. pRT103 was constructed after restriction of pCF1 with XbaI and KpnI. The7.84-kb XbaI±KpnI fragment, which contains ahaE (316 bp of the 3 H terminus) through ahaG and 1.658 kb of the 5 H terminus of hypF, was cloned in pHSG399. A 3.6-kb XbaI±KpnI fragment encoding ahaE (3 H terminus), ahaC, ahaF, ahaA, and 260 bp of the 5 H terminus of ahaB was subcloned from pCFS1 into pHSG399, the resulting plasmid was named pRT102. To clone the 3 H terminus of ahaB as well as ahaD and ahaG, the HindIII-SacI fragment of pCF1 was cloned into pHSG399, resulting in plasmid pRT101. The 2.036-kb insert of the plasmid pCFS1.11 was generated by exonuclease digestion of the fragment in pCFS1, starting from the BamHI site. The fragment contained ahaE (3 H terminus), ahaC, ahaF, and 330 bp of ahaA. pCFS1.11 was digested with XbaI and EcoRI and the resulting 1.5-kb fragment, consisting of ahaE (3 H terminus), ahaC and 40 bp of the 5 H terminus of ahaF, was ligated into pHSG399 giving rise to pRT100. All fragments of the pRT series were cloned convergent to the lac promoter of pHSG399. The construction of a plasmid containing ahaE, ahaC, ahaF, ahaA, ahaB, ahaD, and ahaG was performed in two steps. First, the 5 H terminus of ahaE was amplified by PCR introducing a PstI restriction site at the 5 H terminus (primer: 5 H -TAACTACCTGCAGTGGAGTAG-3 H ). For the 3 H terminus a primer was constructed which has the XbaI restriction site of ahaE (primer: 5 H -CGGTATCTAGAAGTT-3 H ). The 262-bp fragment was cloned into pGEM-4Z (pSO È 0). Then the 7.8-kb XbaI/KpnI fragment of pRT103 was inserted into the XbaI and KpnI sites of pSO È 0. The resulting plasmid (pSO È 1) contained the genes ahaE, ahaC, ahaF, ahaA, ahaB, ahaD, and the 5 H terminus of hypF.
Expression of the A 1 ATPase in E. coli
For the expression studies, the plasmids were transformed into the various hosts. Gene expression was induced, depending on the system used, by addition of isopropyl thio-b-d-galactoside (IPTG) to a final concentration of 0.5 mm to cell cultures at an D 600 of 1, or by addition of NaCl (E. coli GJ1158) to a final concentration of 0.3 mm, or by heat induction (30 8C 3 42 8C) (pGP1-2 system). Cells were further incubated for 2 h, then the cells were harvested by centrifugation (8000 g, 10 min, 4 8C), washed once in TMDG buffer [50 mm Tris/HCl, 5 mm MgCl 2 , 1 mm dithioerythritol, 10% (v/v) glycerol, pH 7.5], and broken up by three passages through a french pressure cell at 89.57 MPa. Unbroken cells and cell debris were removed by low-speed centrifugation. An aliquot of the cell-free extract was used for determination of ATPase activity. The assay was performed in Mes buffer according to [13] at 37 8C and started by addition of Na 2 -ATP to a final concentration of 4 mm. Samples were taken at 0, 2, 4, 6, and 8 min, and phosphate released was determined by the method of [32] . When the effect of inhibitors was to be tested, the cell-free extract was preincubated for 30 min with the inhibitor at the condition indicated. Inhibitors were given as ethanolic solutions, controls received the solvent only.
Generation of malE-fusion clones, expression conditions, and purification of the fusion proteins
The A 1 ATPase genes were amplified by PCR, cloned in frame in front of malE in pMal-c2, and transformed in E. coli DH5a. Expression of the fusion genes was induced at D 600 1 with 0.5 mm IPTG. Two hours after induction the cells were harvested. The fusion proteins were purified via an amylose column, and the purified fusion proteins were used to immunize rabbits.
Minicell experiments
Plasmids were transformed into E. coli DK6, and minicells were isolated essentially as described [33] . The minicells were resuspended in methionine-assay-medium [Difco Laboratories; 2.6% (w/v) in M9 medium]. Gene expression was induced by IPTG, and proteins were labeled with [
35 S]methionine. After incubation at 37 8C for 30 min, cells were harvested and analysed by SDS/PAGE, followed by fluorography and autoradiography as described previously [34±36] .
R E S U L T S A N D D I S C U S S I O N

Production of single subunits in E. coli
To monitor the production and subunit composition of the A 1 ATPase complex in E. coli it was desirable to have polyclonal antibodies against the various subunits in hand. Therefore, ahaA, ahaB, ahaC, ahaD, ahaE, ahaF or ahaG were fused to malE and expressed in E. coli DH5a. As can be seen in Fig. 3 , each of the fusions was produced in appreciable amounts. The fusions were purified by affinity chromatography and used to immunize rabbits. The specificity of the antisera obtained was tested in Western blots with cell extracts of M. mazei Go È1 grown on methanol. As can be seen in Fig. 4 , the antisera against the heterologously produced subunits A, B, C, and E gave unique signals, whereas the antiserum against subunit D reacted with a protein of apparent molecular mass of 67 kDa but the deduced mass of AhaD is 24 kDa. The antiserum against subunit F gave more than one signal, and the antiserum against subunit G did not cross react at all (data not shown). Therefore, the polyclonal antisera against subunits A, B, C, and E are suitable to monitor production of these subunits in E. coli.
Overproduction of a functional A 1 ATPase in E. coli
The ATPase genes were cloned downstream of either the lac promoter or the T7 promoter or both. For the expression studies, the plasmids were transformed into various E. coli strains with different genetic background, i.e. expression from the plasmids could be triggered from the lac and/or the T7 promoter and could be induced by different agents. These different methods were tested for optimal levels of production and solubilities of the proteins.
Plasmid pSO È 1 was transformed into E. coli BL21(DE3)uncD702, which encodes the T7 polymerase on the chromosome under the control of the lac promoter and which carries a deletion in the F 1 F O ATPase, and in E. coli GJ1158, which harbours a chromosomal copy of the T7 polymerase gene under the control of the cis-regulatory elements of the osmoresponsive proU operon. The latter system very often prevents formation of inclusion bodies. In E. coli BL21(DE3)uncD702, ATPase activity was detectable, but at low rates (Table 1) . In E. coli GJ1158, ATP hydrolysis proceeded with a rate of 150 mU´mg protein 21 . Therefore, E. coli GJ1158 would be suitable as a host, but it contains an endogenous F 1 F O ATPase. E. coli DK8 is devoid of the endogenous F 1 F O ATPase but does not contain a T7 promoter. Therefore, an additional plasmid containing the T7 gene has to be introduced (pGP1-2). Cell extracts of E. coli DK8(pSO È 1, pGP1-2) hydrolysed ATP with a rate of 143 mU´mg protein 21 . However, due to the presence of both plasmids E. coli DK8 (pSO È 1, pGP1-2) grew poorly. On the other hand, E. coli DK8(pSO È 1) grew with normal rates, and after induction of gene expression from the lac promoter by IPTG, cell extracts of E. coli DK8(pSO È 1) hydrolysed ATP with a rate of 186 mU´mg protein 21 . ATPase activity was not, in any instance, increased by cotransformation with the plasmid pUBS520 encoding DnaY, an additional arg-tRNA (tRNA Arg AGAaAGG ) often used in archaea [27] . These experiments demonstrate, for the first time, that the archaeal A 1 ATPase can be functionally expressed in E. coli. Most interestingly, the ATP-hydrolysing activity measured in cell-free extracts of the transformants is already up to 20-times higher than that measured at membranes of M. mazei Go È1 [13] . As E. coli DK8(pSO È 1) is devoid of F 1 F O ATPase activity and showed highest A 1 ATPase activities, the following experiments were performed using this strain as a production strain. Table 1 . Expression of the A 1 ATPase from M. mazei Go È 1 in E. coli under different conditions. For strains and plasmids, see Material and methods. Expression of genes under control of the lac promoter was induced by IPTG. The T7 polymerase gene was under the control of the heatinducible lP L promoter in pGP1-2, a lac promoter in E. coli BL21(DE3)uncD702, and the proU promoter in E. coli GJ1158. Therefore, expression of the T7 polymerase gene was induced by a temperature shift (30342 8C), IPTG (0.5 mm) or salt (0.3 mm NaCl), respectively.
Specific activity Expression strain
Plasmid used Promoter used (mU´mg protein E. coli DK8 was completely devoid of ATPase activity under the conditions tested (Table 1) , but E. coli DK8(pRT103) which encodes subunits C, F, A, B, D and G hydrolysed ATP with a rate of 70 mU´mg protein 21 ,
indicating that subunits H, I, K, and E are not essential for ATP hydrolysis. Because E. coli DK8(pRT102) did not exhibit ATPase activity, it can be concluded that the catalytic subunit A alone is not sufficient to hydrolyse ATP.
Subunit composition of the A 1 ATPase produced in E. coli
The minimal subunit composition of an ATP-hydrolysing A 1 ATPase is unknown. Therefore, the discovery of an ATP-hydrolysing activity in the transformants cannot be taken as indication that every subunit encoded by the plasmid was indeed produced in E. coli under the conditions tested. Therefore, the expression status in E. coli of the individual methanoarchaeal genes was determined by Western blot analyses with the antisera generated before. These studies revealed that subunits A, B, C, and F are produced in E. coli DK8(pSO È 1) (Fig. 5) . However, there was no signal when the antisera against subunits G or E were used, and the antiserum against subunit D gave nonspecific signals (data not shown). The lack of reactivity with the anti-G serum was expected because this antiserum did not even cross react with cell-free extract of M. mazei Go È1. On the other hand, the lack of reactivity with the anti-E serum was unexpected.
To obtain additional data on the expression status of subunits D, E, and G, we performed minicell analyses using the ATPase-negative, minicell-producing strain E. coli DK6 as a host. Protein synthesis catalyzed by the minicells was induced by IPTG and monitored by incorporation of [ 35 S]methionine followed by SDS/PAGE and autoradiography. In cell extracts of minicells of E. coli DK6(pSO È 1) polypeptides of 64, 55, 41, 28, 22, 9, and 6 kDa were observed (Fig. 6) , which, based on their molecular masses, could correspond to subunits A, B, C, D, E, F, and G. These experiments do not prove but suggest that, in addition to subunits A, B, C, and F, subunits D, E, and G are also produced in E. coli. Taken together, these data can be taken as evidence that the A 1 ATPase genes from M. mazei Go È1 are expressed in E. coli and the gene products are assembled to a functional, ATP-hydrolysing A 1 domain. However, the actual subunit composition of the complex will be determined after purification of the heterologously produced enzyme that is in progress in our laboratory.
Long-term stability of the A 1 ATPase
One of the major drawbacks in analyzing the function of methanoarchaeal ATPases is that all enzymes prepared so far from membranes of methanogens not only lack subunits but are also very unstable. Therefore, it was of interest to analyze the long-term stability of the heterologously produced A 1 ATPase. As can be seen in Fig. 7 , the ATPase determined in cell extract of E. coli is quite unstable at temperatures ranging from 25 to 270 8C. However, incubation at 8 8C improved long-term stability and the best results were obtained by incubation on ice; under these conditions, 50% of the activity remained after 18 days of incubation. This will facilitate purification of the enzyme.
Inhibitor sensitivity of the enzyme
The A 1 A O ATP synthase activity measured with inverted membrane vesicles of M. mazei Go È1 is inhibited by diethystilbestrol (DES), N, N H -dicyclohexylcarbodiimide (DCCD) and bafilomycin A 1 [37] . With the expression system available it was now possible to identify the domains interacting with the inhibitors. Like the F 1 and V 1 ATPases [38±41] the A 1 ATPase was not inhibited by DCCD (in concentrations tested up to 1 mm) or bafilomycin A 1 (in concentrations tested up to 0.1 mm) indicating that the action of DCCD and bafilomycin A 1 is on the A O domain. However, ATP hydrolysis was inhibited by DES with an I 50 of 17 mm (0.12 mmol DES´mg protein 21 , Fig. 8 ). For comparison, the A 1 A O ATPase purified from membranes of M. mazei Go È1 was inhibited by DES with an I 50 of 100 mm [13] . Of the DES derivatives tested, dienestrol and hexestrol were also potent inhibitors of the A 1 ATPase with I 50 values of 30 and 43 mm, respectively (161 mmol and 108 mmol inhibitor´mg protein
21
, respectively), whereas DES-dipropionate and trans stilbene did not inhibit ATP hydrolysis. Dilution at 1 : 37 did not abolish the inhibition caused by DES indicating a tight binding of DES to A 1 or an irreversible inhibition. This is the first description of very potent, A 1 -directed inhibitors which may be helpful in future studies directed towards the elucidation of the catalytic mechanism of A 1 ATPases. It should be noted that DES is a potent inhibitor of the mitochondrial F 1 F O ATPase, and it was suggested that it interacts with the F 1 domain. Apart from its action on A 1 an additional action on A0 can not be excluded.
C O N C L U S I O N S
A procedure to produce the A 1 ATPase from M. mazei Go È1 in an assembled and functional state in E. coli is now available. The specific activity of the enzyme analyzed in a cell-free extract of E. coli is already 20-times higher than the one determined at membranes of M. mazei Go È1, and the enzyme is stable for a long period of time. The heterologous expression system described here will open a new avenue towards the biochemical and structural analyses of this unique class of enzymes.
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